It is becoming increasingly clear that the way in which a conjugated polymer film is cast affects the interactions between polymer chains and thus the optical and electrical properties of the film. Given that conjugated polymer films cast in different ways also show different nanometer-scale surface topographies, the question that arises is: What is the correlation between surface topography, local chain packing, and the local electronic properties of a conjugated polymer film? In this paper, we address this question using fluorescence near-field scanning optical microscopy (NSOM) to examine films of poly(2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) that were prepared in different ways. The spatially resolved photoluminescence (SRPL) spectra collected on top of the nanometer-scale topographic features ("bumps") exhibited by spin-cast MEH-PPV films show an enhancement of the red portion of the emission relative to spectra collected from flat regions of the film. Moreover, photooxidative damage (signified by a red-shift and drop in quantum yield of the SRPL) occurs much more quickly in the flat regions of the MEH-PPV films than on the topographic bumps. Taken together, these observations suggest that the bumps on the films correspond to regions in which the chains are packed more tightly: the red-shifted emission results from increased interchain interactions, while the decreased photooxidation rate results from the fact that oxygen cannot easily diffuse between the tightly packed polymer chains. We also find that the spatial homogeneity of MEH-PPV films can be greatly improved by annealing: heating the films above the glass transition temperature removes the topographic features and produces a uniform but weak and red-shifted SRPL due to increased interchain interactions. In contrast to spin-cast films, the SRPL of annealed films undergoes a blue-shift upon photooxidation. This result can be explained by considering the differences between the local chain packing in annealed and nonannealed films, combined with the fact that excitations in the film tend to migrate to low-energy aggregatedchain "traps". All of these results provide insight into how polymer film morphology can be controlled through film processing conditions to improve the optical properties and the performance of electroluminescent devices based on this class of materials.
I. Introduction
Conjugated polymers have been studied extensively for the last several years due to their potential for application in optoelectronic devices such as light-emitting diodes (LEDs), 1, 2 photodiodes, 3 photovoltaics, 4 and displays. 5 It is becoming increasingly clear that the performance of devices based on conjugated polymers is strongly affected by the film morphology. [6] [7] [8] The reason that film properties are so sensitive to morphology is that when the π-electrons of two conjugated polymer segments are in contact, there can be significant electronic interactions between them. The electronic interactions between two polymer chains are often referred to in the literature as excimers, [9] [10] [11] [12] polaron pairs, 13, 14 or aggregates. 6, [15] [16] [17] [18] [19] [20] [21] [22] [23] The subtle distinction between these various interchain entities is that "excimer" denotes a neutral excited state shared between multiple chain segments, while "polaron pair" suggests an excited state characterized by a separation of charge between the chains. "Aggregates" have a ground state that is delocalized between multiple chain segments as well as a delocalized excited state. Given that there are an infinite number of ways the chains can pack in a conjugated polymer film, the interchain species formed are likely to have some of the characteristics suggested by each of these labels: one expects that there is a continuum of delocalized excited states with partial charge-transfer character and that the extent of delocalization can vary between the ground and excited states.
The presence of interchain species in conjugated polymer films has been highly controversial 14, 24 largely because the nature of the electronic interactions is extraordinarily sensitive to the distance and relative orientation between the interacting polymer segments. 25 We recently studied films of poly(2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene vinylene), MEH-PPV (see the inset to Figure 2b , below, for chemical structure), and showed that the degree of interchain interactions strongly depends on the polymer film morphology. 6, 7 The morphology of spin-cast polymer films can be altered by changing the solvent or the polymer concentration of the solution from which the film is cast 6 or by changing the spin speed. 26 The film morphology also can be modified by annealing the polymer film, 6, 7 heating or aging the polymer solution before casting the film, 27 preparing the films layer-by-layer using LangmuirBlodgett 8 or self-assembly techniques 28 or by changing the nature of the side groups attached to the conjugated polymer backbone. 29 The presence of interchain interactions has important implications for conjugated polymer-based LEDs. Increased interchain interactions promote charge transport but also lower the luminescence quantum efficiency, 6, 7 leading to a fundamental tradeoff when trying to optimize film morphology for device performance. With all of this variability in the properties of conjugated polymer films based on processing conditions, it is no wonder that there have been so many conflicting ideas presented in the literature. 14, 24 This is because different research groups have their own preferred polymers and methods for film processing, so that the samples in different studies have vastly different degrees of interchain interactions. 6 The most direct evidence that chain packing and polymer film morphology vary with processing conditions comes from scanning force microscopy (SFM). For MEH-PPV, SFM experiments indicate that spin-cast films are predominantly flat, except for the presence of some roughly circular topographic features that are a few tens of nanometers high and a few hundred nanometers across. 6 The size and number of these topographic bumps correlate with the choice of solvent and concentration of the solution from which the films are cast. In particular, MEH-PPV films cast from "good" solvents, 30 such as chlorobenzene (CB), show an increased number of these topographic features, while MEH-PPV films cast from "poor" solvents, 30 such as tetrahydrofuran (THF), show fewer such features. The number and size of these topographic features increases with increasing polymer concentration in the solution from which the films are cast. There is a direct correlation between films that have large numbers of topographic features and those that show the electronic signatures of high degrees of interchain interaction, including: decreased photoluminescence quantum yield; the presence of a weak, red-shifted feature in the absorption spectrum, excitation of which produces a weak, redshifted emission that is much longer-lived than the single-chain PL; and enhancement of the rate of exciton-exciton annihilation at high excitation intensities. 6 We have used the label "aggregate" to describe the interchain interactions in MEH-PPV because the presence of the red-shifted absorption band implies a delocalized ground state, 15 although we expect that there is in fact a continuum of different interchain species present in the films. 31 All this work has provided a good understanding of the relationship between polymer morphology and optical properties to devise ways of controlling morphology to enhance the performance of devices based on conjugated polymer films. 7 The fact that the optical, electrical, and topographic properties of films correlate with the processing conditions indicates that memory of the chain conformation and degree of aggregation of the polymer in solution survives the casting process. 6, 15 This suggests that the topographic features seen in the SFM experiments are the result of clumps of entangled polymer chains in the solution that do not break up during spin-coating: the features mark places where the tops of these clumps extend above the average thickness of the film. The bumps on the surface of the film would then correspond to regions of highly aggregated polymer chains. Thus, the correlation between the number and size of the SFM bumps with the electronic properties of the bulk films makes sense because we can associate the presence of bumps on the films with the electronic signatures of interchain interactions. 6 This overall picture of polymer solution properties controlling film morphology, and hence device behavior, hangs together quite nicely, but up to this point we have no direct proof that the topographic features seen by SFM are in fact associated with increased interchain interactions. The optical and device measurements that indicated aggregation in our previous work were performed over large film areas, so all the results were a spatial average of behaviors associated with both the bumps and the flat regions of the films. 6, 7 In addition to aggregation and interchain interactions, oxidative damage is another critical factor in determining the luminescence efficiency of conjugated polymer devices. It is well documented that conjugated polymers can easily photooxidize, producing carbonyl groups that break the conjugated backbone. 32 These carbonyl defects decrease the average conjugation length and also act as efficient traps that quench the luminescence. 33 In our previous work, we noticed that the rate at which MEH-PPV films undergo photooxidation is strongly morphology dependent: photoinduced damage is slower in MEH-PPV films cast from CB, which have higher degrees of interchain interactions (as well as more of the topographic bumps seen by SFM), and faster in MEH-PPV films cast from THF. 6 The picture that explains this result is that films with high degrees of interchain interactions have their chains packed tightly enough that oxygen cannot easily penetrate into the film, lowering the rate at which photooxidation can occur. Films with a lower degree of interchain interactions, on the other hand, have an increased frequency of voids between the more loosely packed chains that allow oxygen to diffuse easily to photoexcited regions in the interior of the film, leading to more rapid oxidative damage. Thus, the way the chains pack in conjugated polymer films not only affects the presence of interchain electronic species but also determines how susceptible the films are to photooxidation.
In this paper, we describe a collaborative effort between our groups at UCLA and Berkeley to examine the effects of local chain packing on both the polymer electronic structure and the susceptibility to damage by taking advantage of near-field scanning optical microscopy (NSOM). NSOM has been proved an effective technique for studying the optical properties of organic materials and biological systems on nanometer length scales. 34 In NSOM, a tapered optical fiber with a sub-wavelength-sized aperture is scanned over the sample with the tip held close to the surface in the near-field regime. The feedback electronics used to hold the sample-tip distance constant provide for simultaneous measurement of the surface topography and the optical properties of a sample. The technique provides spatial resolution that is determined by the tip diameter, which easily can be made ∼75-150 nm, surpassing the far-field diffraction limit (∼λ/2). This means that NSOM provides a spatial resolution that is ideal for probing the optical properties of the topographic features seen on the surface of MEH-PPV films. Thus, using NSOM, we can investigate how the electronic properties of MEH-PPV vary spatially in the film and how they correlate with the film morphology.
Blatchford et al. previously have used NSOM to study films of poly(p-pyridyl vinylene), PPyV, and found evidence of aggregated domains with a size on the order of 200 nm. 21 These workers did not find any correlation between the film topography and the intensity or polarization of the photoluminescence (PL). A similar set of experiments performed by Buratto and co-workers on films of (unsubstituted) PPV found aggregated domains ∼100 nm in diameter in which there was a correlation between the film topography, the PL intensity, and the emission polarization. 35 While none of this previous work investigated the spectrum of the spatially resolved photoluminescence (SRPL), the measurements from both groups do show that aggregated species may exhibit spatial localization, indicating that the optical properties of a conjugated polymer sample can vary from location to location within the film. NSOM has also been used to study films of liquid crystalline poly(9,9-dialkylfluorenes), 29 which reveal two distinct types of morphology: 50-150 nm polymer clusters that have a lower PL quantum yield than the rest of the film, and 50-500 nm polymer domains that show highly polarized luminescence. There is a direct correlation between the low-PL-quantum-yield clusters and the topography, but no correlation was found between the polarized PL domains and the topography. 29 From all of these studies, the logical questions that remain are (1) How do the differences in the local environment affect the performance of devices based on conjugated polymer films? (2) Given the relationship between film morphology and interchain interactions, how can the local environments of a conjugated polymer film be manipulated or controlled to optimize the properties for desired device applications?
In this collaborative work, we will address these questions by using NSOM to show that there is a direct correlation between the nanometer-scale topography/morphology of a conjugated polymer film and the local electronic properties. We will concentrate our efforts on MEH-PPV films, so that we can make direct ties to our previous work studying the interchain interactions in MEH-PPV films cast from CB and THF and in MEH-PPV films that have been annealed. 6 Unlike the NSOM work described above in which the polymer was excited through the NSOM tip and the emission was collected in the far-field ("illumination mode"), 21, 29 in the present experiments the MEH-PPV films are excited in the far-field and the PL is collected through the tip. Using this "collection mode" geometry, which allows us to measure SRPL spectra with an invariant tip/field geometry, 36 we find that both the spectrum of the SRPL and the rate of photooxidative damage varies significantly from location to location within the same film. Moreover, both the SRPL spectrum and the damage rate correlate directly with the surface topography. Since the surface topography correlates with the film casting conditions, the results help us to complete our picture of the relationship between processing conditions, morphology, and interchain interactions in conjugated polymer films on the nanometer scale. In addition to learning about interchain interactions and chain packing, our investigations also help to characterize the energy transfer in conjugated polymer films. By comparing the damage rates of the single-chain and aggregated PL, we show that energy transfer moves excitations toward aggregated sites. Thus, the presence of an aggregated "defect" can quench fluorescence from many nearby chromophores via energy transfer. Taken together, all of the results provide useful information for optimizing interchain interactions to produce improved polymer-based LEDs.
II. Experimental Methods
MEH-PPV was synthesized according to methods described previously in the literature. 37 All the polymer solutions and films were prepared in an inert N 2 atmosphere. MEH-PPV was dissolved in THF and CB in the dark for several hours to give 1% (w/v) solutions. The polymer solutions were spin-cast onto cleaned glass substrates, and the resulting films were heated at 50°C for several hours to evaporate any residual solvent. To produce annealed films, the films were heated above the polymer glass transition temperature (∼205°C for our polymer with molecular weight ∼1 × 10 6 ) 6 for several hours under a nitrogen atmosphere.
The Berkeley NSOM system, 36 equipped with a nonoptical, noncontact (∼5-10 nm separation) shear-force feedback mechanism and closed-loop piezo scanner was employed for nearfield SRPL measurements of the MEH-PPV films. Chemically etched SiO 2 fiber optic probes with a ∼75 nm diameter aperture (as measured via SEM) were produced following the procedure described in reference; 38 metal coatings were not used on the tips to avoid perturbing the observed spectra via the Stark effect. All topographical images were scanned over a 10 × 10 µm area and consist of a 200 × 200 pixel array. The lateral resolution is estimated to be ∼160 nm; 36 the black-to-white color scale in the topographic images presented below correspond to a height difference of ∼50 nm. To control the atmosphere around the sample during excitation, the entire NSOM system was sealed in a box, which could be purged with dry nitrogen gas. As shown in Figure 1 , near-field measurements were conducted in an oblique collection mode geometry with the optical excitation incident upon the sample 60°from normal incidence. Collection mode provides the advantage of higher spatial resolution than illumination mode when using uncoated tips because the luminescence field intensity decays exponentially from the surface, so that a small amount of leakage is not detrimental to the resolution. A leaky tip in illumination mode, in contrast, provides a significantly decreased resolution because the emission from regions excited out of the near-field are still collected by the far-field optics. The excitation light had horizontal polarization at the position where the fiber probe collected emission from the sample. To maintain a constant tip/ field geometry, the NSOM probe and excitation laser spot remained static during all measurements; spatial motion was performed by scanning the sample stage in the x and y as well as the z (feedback) directions. After measuring the topography of a region, the near-field probe was directed via computer control to different positions of the sample (always maintaining near-field feedback), and SRPL spectra were acquired at each indicated point.
SRPL measurements were performed using a diode-pumped, frequency-doubled Nd:VO 4 laser (Spectra-Physics) (∼50 µW, 532 nm, CW) as the excitation source. The laser beam was focused with an 8-cm focal length lens to produce a ∼200 µm diameter spot on the sample. Optical signals were collected by the near-field probe and directed via the fiber optic through a 532-nm holographic notch filter and a 1/3-m spectrograph. After dispersing the PL signal with a 150-gr/mm grating, the spectrally resolved PL was detected with a nitrogen-cooled, backilluminated CCD camera. All of these measurements were conducted under a nitrogen atmosphere. At this low excitation intensity, photodamage to the sample was not observed, and the acquired SRPL spectra for a given area were completely reproducible as a function of time. All the displayed SRPL spectra are the sum of five accumulations of individual scans integrated for 5 s. For all the data presented below, hundreds of spectra were acquired for multiple regions on each of multiple MEH-PPV films cast from each solvent. For the as-cast films discussed below, the main variation in the SRPL spectra collected from different locations or different samples was a variation in the relative heights of the two main emission peaks at 570 and 620 nm; the positions and number of the bands in the spectrum did not change from region to region or film to film. The spectra selected for the figures below were chosen to be representative of the majority of the sampled regions; they are by no means the most dramatic examples of spectral variation that we observed in the course of this study.
Photodamage experiments were conducted in a manner similar to SRPL measurements. For each measurement, after the sample topography was acquired, the sample was continuously excited with 3 mW of 532-nm light (60× SRPL intensity) for 15 min; spectra were recorded every 10 s with the CCD during this time. A different region of the sample was used for each photodamage measurement by moving the sample perpendicularly to the excitation plane to avoid regions of the sample that may have been exposed to reflections of the excitation light. Experiments were first conducted under a nitrogen atmosphere and subsequently studied under ambient conditions to investigate the effect of oxygen on the photodamage rate.
III. Results and Discussion
Even though it is becoming clear that processing conditions affect the morphology of conjugated polymer films, which in turn changes the physics of devices based on these materials, the questions remain: how does the local variation in morphology of a film influence the local electronic properties and hence the bulk photophysics of the film? How can these local structures be controlled or manipulated? To answer to these questions, we take advantage of the NSOM technique, which allows us to probe the optical properties of different local structures within the same conjugated polymer film. Information from these experiments is important to improve the performance of the polymer-based devices.
A. Correlation Between Interchain Species and Film Topography. Topographical images and SRPL spectra of MEH-PPV films prepared with different processing conditions are shown in Figure 2 . For each processing condition, we performed measurements on many regions of each of multiple films, and we found qualitatively similar results for each type of film. Thus, in the data presented below, only representative scans for each type of film are shown.
Figure 2a (right) shows the topography of an MEH-PPV film cast from CB over a (5 µm) 2 region. In agreement with our previous work using SFM, 6 the topography is predominantly flat with small features that are a few hundred nanometers in diameter and ∼10 nm high. The left-hand plot in Figure 2a shows the SRPL spectra obtained with the sample excited in the far field at two different positions on the film. As shown on the topographic profile, position 1 is on the top of one of the bumps and position 2 is centered in one of the flat regions of the film. Even though the two SRPL spectra are collected only ∼1 µm apart, they are clearly different, showing that the emission from MEH-PPV films, like that of other conjugated polymers, 21, 29, 35, 39 is spatially inhomogeneous. The SRPL spectrum collected from the flat region (position 2, solid curve) strongly resembles that of MEH-PPV in solution, while the spectrum collected on top of the bump (position 1, dashed curve) shows a red tail and a relative enhancement of the vibronic feature near 620 nm. This relative enhancement of the red portion of the emission, which we observe when collecting SRPL from most of the topographic features (and only occasionally from the flat film regions), is a direct signature of interchain interactions. The weak red PL tail is the emission from aggregated chromophores, 6, 12 while the relative PL enhancement near 620 nm results from a change in vibronic coupling characteristic of MEH-PPV chromophores in regions with tightly packed chains. 6, 40 The fact that the characteristic interchain emission correlates with the topographic features supports our assignment of the features to aggregated clumps of polymer chains that survive the casting process from solution. The occasional presence of the signature interchain emission in the flat regions of the film likely corresponds to aggregated polymer clumps that happen to reside near (but do not extend above) the film's surface. The presence of the more characteristic single-chain emission from some of the topographic features indicates that simply tangling the chains in solution does not ensure that the polymer chromophores will interact with each other. Moreover, as we will discuss further below, it is also possible that there is not a good pathway for energy to transfer from single chains to the aggregated chromophores in every bump, so that some bumps still show the characteristic singlechain emission. Despite these occasional exceptions, the overall correlation remains strong: the topographic features are associated with regions of greater degrees of interchain interactions. Figure 2b shows the topography of MEH-PPV films cast from THF (right) and the SRPL spectra (left) collected on the top of a bump (dashed curve, position 1) and on a flat region (solid curve, position 2). In agreement with our previous work using SFM, the THF-cast films also show occasional topographic bumps but at a much lower density than seen in the CB-cast films studied in Figure 2a . Also unlike the CB-cast films, there is little difference in the SRPL spectra collected on and off the bumps, although on average there is a slight increase in the intensity of the red emission tail and the 620-nm vibronic feature when collecting on the bumps. This suggests that there is little local chromophore aggregation in MEH-PPV films cast from THF, in agreement with the conclusions of our earlier work on bulk films. 6 The presence of topographic features in these THFcast films emphasizes an important distinction between physical aggregation of the polymer chains and photophysical aggregation of the conjugated chromophores. The polymer chains definitely clump together in "poor" solvents 30 like THF, leading to topographic bumps in the films whose size increases with increasing polymer concentration in the solution from which the film is cast. 6 The tightly coiled chains in THF solution, however, do not provide access for chromophores (which typically extend over 4-6 repeat units of the polymer) to strongly interact with each other. 15 Thus, Figure 2b shows that although the MEH-PPV chains in films cast from THF can be aggregated, there is comparatively little chromophore aggregation, leading to fewer signs of interchain electronic species. Figure 3 shows the topography (right) and SRPL spectra (left) of an annealed MEH-PPV film. In our previous work, we found that heating conjugated polymer films above T g allowed the chains to flow, so that annealed films have a much flatter surface topography seen with SFM than as-cast films. 6 Upon cooling, the flowing chains tend to pack into low energy structures with a high degree of interchain interaction. This leads to annealed films whose emission is almost entirely quenched: the little fluorescence that remains peaks near 700 nm, the result of the very weak emission from aggregated chromophores. 6, 12 The NSOM results in Figure 3 make it clear that the annealed films have a spatially uniform structure, both topographically and electronically: the MEH-PPV chromophores have a high degree of interaction throughout the film. The NSOM experiments also show that once annealed, the film has no memory of its initial morphology: both CB and THF-cast annealed films show identical topographical and optical behavior. Thus, Figure 3 shows only the data for a THF-cast annealed MEH-PPV film; the data for annealed films cast from any solution are qualitatively similar. The interchain emission that dominates the PL from annealed MEH-PPV films is so weak because it has an extraordinarily long radiative lifetime, so that nonradiative processes can significantly reduce the emission quantum yield. 10, 12 This explains why the presence of interchain species in conjugated polymer films is so detrimental to luminescence efficiency: excitations on aggregated chromophores, whether directly excited or populated by energy transfer, have a high probability for nonradiative deactivation.
B. Correlation between Photooxidative Damage and Film Topography. In addition to interchain interactions, it is wellknown that photooxidation of conjugated polymer films can lead to quenching of the PL, 32,33 even at relatively low excitation intensities. 6, 41 The photophysical signatures of photodegradation include: a blue-shift and decrease in the intensity of the groundstate absorption band; 42 the presence of a photoinduced absorption (PA) in the emission region in pump-probe experiments; 6, 41, 43 and a reduced PL quantum yield. 6, 32, 33 To investigate the dynamics of photodegradation, we exposed MEH-PPV films to higher excitation laser intensities and collected the SRPL as a function of time both in ambient conditions and under a nitrogen atmosphere to examine the effects of oxygen on the photostability. Figure 4 shows spectrally integrated SRPL intensities from an MEH-PPV film cast from CB, with the SRPL collected both on top of the topographic bumps (squares) and away from the bumps (circles) when the films are excited in air (open symbols) or under the nitrogen purge (solid symbols). In both air and the nitrogen purge, the decay of the SRPL is slower when collecting emission from the top of a bump than when probing away from a bump. Qualitatively similar results are observed for collecting emission on and off the bumps from MEH-PPV films cast from THF. This difference in the integrated SRPL decay provides direct evidence that the polymer chains are packed differently in different spatial regions of the film. The slower photodamage rate on the bumps is easy to rationalize using the information from the last section. If the bumps correspond to regions of highly tangled polymer chains, then it is difficult for O 2 to penetrate below the surface of the film in these regions. Thus, the surface of the film photooxidizes quite rapidly, producing the initial rapid loss of SRPL intensity, but the chromophores below the surface are protected, leading to a relatively stable, long-lived PL. When collecting SRPL from the flat regions where the polymer chains have a more open conformation, O 2 can more easily penetrate below the film's surface, leading to rapid photooxidative damage that causes a continuous drop in the integrated SRPL intensity.
In addition to demonstrating that the local chain packing correlates with the presence of the topographic features, the data in Figure 4 also show that the presence of O 2 is important in the photodamage mechanism. When probing both on and off the bumps, the photodegradation decay dynamics are much faster in ambient oxygen than in a nitrogen atmosphere. This result is not surprising given that we expected photooxidation to be a serious concern for the PL from these materials. In fact, Buratto and co-workers have taken advantage of this type of photoinduced oxidative damage to use near-field excitation to photopattern conjugated polymer films via spatial hole-burning. 44 The small amount of photodamage that occurs under the nitrogen purge can be explained both by the photoreactivity of intrinsic defects (such as chain ends or oxygen trapped in the polymer bulk) and by the small amount of oxygen that the purge simply does not remove. Overall, the fast SRPL decay component seen in all the traces in Figure 4 most likely results from a combination of intrinsic defects already present in the film and direct photooxidative attack on the surface of the film. The slower SRPL decay component can be assigned to the time it takes for oxygen to diffuse from the air to the photoreactive sites below the film's surface. C. Energy Transport Unveiled by NSOM Photodamage Studies. One of the most important features of the photophysics of conjugated polymer films is the rapid energy transfer that takes place between conjugated segments. A wide variety of work has established that the correct "zeroth order" picture of a conjugated polymer chain is that of a series of linked chromophores, each with a different conjugation length. In polymer films, excitations move rapidly from the shortest conjugated segments, which are higher in energy, to the longest conjugated segments, which are lower in energy. 45 Experiments examining the flow of energy in isolated MEH-PPV chains encapsulated in the channels of a mesoporous silica glass 46 have determined that intrachain (along the chain backbone) energy migration is 2 orders of magnitude slower than interchain (through space) energy transport via Förster transfer, which takes only a few picoseconds. 47 This rapid interchain energy transport has important consequences for light-emitting devices based on these materials: since excitations can rapidly transfer between polymer chains, they can easily migrate to aggregated sites or other low-energy defects, leading to quenching of the emission. Figure 5 shows representative SRPL spectra collected from one of the topographic features on a CB-cast film of MEH-PPV in air at two different times following continuous exposure to the excitation laser: 10 s (solid curve) and 900 s (dashed curve). Integrating the spectra in this figure produces two of the open squares in the SRPL decay curve discussed in the last section and presented in Figure 4 . To better illustrate how the shape of the spectrum changes with time, the spectra in Figure  5 are normalized to the SRPL maximum, even though the total integrated intensity has decreased by a factor g 3 during the 890-s interval shown. At early times, before much photoinduced degradation has occurred (10 s, solid curve), the SRPL spectrum shows the characteristic signatures of interchain interactions. This suggests that energy from many of the single chromophores is funneled to a few sets of aggregated chromophores, explaining why the extremely weak aggregate emission comprises such a significant fraction of the overall SRPL spectrum. At later times, after the film has undergone significant photooxidative damage (900 s, dashed curve), it is clear that the main peak of the SRPL has moved to the blue and that the red PL tail now comprises a much larger fraction of the overall spectrum. The blue-shift of the main SRPL peak is a direct reflection of the shorter average conjugation length following photooxidation. The relative enhancement of the red tail of the SRPL spectrum shows that the damage has disproportionately affected the single-chain chromophores, so that emission from interchain species now comprises a larger fraction of the SRPL. This result implies that despite the differences in excited-state lifetime, the singlechain chromophores are more susceptible to photooxidation than the aggregated chromophores, consistent with our general picture that the tightly tangled aggregated chains are more impervious to O 2 . Figure 6 shows the results of a similar set of experiments on annealed MEH-PPV films photoexcited in the presence of ambient oxygen, with representative SRPL spectra displayed at a few select times under continuous photoexcitation. Unlike the data in Figure 5 , the data in Figure 6 are presented as measured and have not been normalized or scaled in any way. Even without normalizing the spectra, it is clear from Figure 6 that the SRPL of the annealed film undergoes dramatic changes in shape as photodamage occurs. In the annealed film, nearly all the polymer chromophores are in aggregated sites, and there are only occasional single chromophores embedded within the mass of aggregated chains. The excitations on most of these single chromophores rapidly (within a few ps 47 ) undergo energy transfer to nearby aggregated sites, leading to a SRPL spectrum dominated by interchain species. This means that excitations in the annealed film spend most of their time on aggregated sites, so these are the sites where photooxidative attack occurs most readily. As a result, photooxidation damages the aggregated sites at the bottom of the energy funnel first, leaving behind the few single-chain chromophores. This shows up in Figure 6 as a relative enhancement of the blue portion of the SRPL spectrum at later times, showing that single-chain emission is becoming more important with respect to the interchain emission that is undergoing photodegradation.
Overall, the data in Figures 5 and 6 illustrate that the way in which photooxidation of conjugated polymer takes place depends on a tradeoff between where the photoexcitations spend most of their time, and how accessible the chromophores are to oxygen, both determined by the local chain packing. In nonannealed films, there are many single-chain chromophores that are not connected by energy transfer pathways to aggregated sites. Thus, many excitations spend most of their time on the single-chain chromophores, and those that are accessible to oxygen undergo rapid photodamage, leading to a red-shift of the SRPL spectrum as the interchain emission increases in relative importance. In annealed films, the few single chain chromophores that emit before undergoing transfer to an interchain site are highly protected from oxygen by the surrounding aggregated chains. This means that photooxidation affects the interchain sites at the bottom of the energy funnel first, leading to a blue-shift of the SRPL spectrum as the single-chain emission increases in relative importance. These ideas are in agreement with the recent work of Barbara and co-workers 48 as well as Huser et al., 49 who studied the PL of single MEH-PPV molecules. Depending on how the single MEH-PPV chains were folded, these workers found that photooxidation could produce either a red-shift or a blue-shift of the PL, in direct correlation to whether there was an efficient energy funnel connecting the high-energy and low-energy chromophores. The NSOM results presented here provide a way to examine these photophysical processes in films without having to use far-field collection, which spatially averages over all of the inhomogeneous regions present within the bulk.
IV. Conclusions
In summary, we have demonstrated that there is a direct correlation between the nanoscale topography and the local optical properties of the MEH-PPV films. By spectrally resolving the SRPL, we have observed the spectroscopic signatures of high degrees of interchain interactions in spatial regions correlated with physical bumps. This result is consistent with a picture in which polymer aggregates that are present in solution survive the casting process and persist into the film, so that the solution processing conditions control both the local morphology and electronic properties. We also have found that the rate of spatially resolved photodegradation differs significantly in different regions of an MEH-PPV film: the photodegradation rate is a factor of ∼2 slower on the topographic bumps than on the flat regions. The presence of ambient oxygen significantly accelerates the rate at which photodamage occurs, suggesting that the primary damage mechanism is photooxidation of the polymer to produce nonradiative quenching centers. The slower photooxidation rate on the topographic features can be explained by the fact that the polymer chains comprising the bumps are tightly packed, hindering the diffusion of oxygen into these regions of the film. Examination of the spectral shifts of the SRPL also provides insight into energy transport in the films. The fact that as-cast MEH-PPV films show a red-shift of the SRPL spectra upon photodegradation while annealed films show a SRPL blue-shift indicates that both energy transport and local chain packing are important in determining behavior of these complex materials.
All of these results have important implications for the design of devices based on these materials. The spatial inhomogeneity with respect to chain packing and electronic aggregation may be responsible for one of the most important device failure mechanisms: the development of "black spots". 50 Since the topographic bumps on the film's surface have a larger degree of interchain packing, there will be enhanced current injection into these regions, which also have a lower luminescence quantum efficiency because the chromophores are aggregated. As the current runs preferentially through these regions, they may heat up and become annealed, which would further increase the current flow and decrease the luminescence efficiency. As this process continues, an entire region of the film becomes nonemissive, producing a black spot. Eventually, the device fails due to a pinhole short as an annealed pathway develops through the film and bridges the electrodes. Even if it is not directly responsible for the formation of black spots, the spatial inhomogeneity present in conjugated polymer films does not bode well for device efficiency: the carriers have the highest mobility in regions with high degrees of interchain interactions and thus will tend to recombine in these regions. Unfortunately, these are the exact same regions where energy transfer can easily carry excitations to interchain defects that have a poor luminescence quantum yield.
The above analysis argues that one of the best ways to improve the efficiency of a conjugated-polymer device is to develop processing techniques that result in more spatially homogeneous conjugated polymer films. One way to do this is to choose film casting conditions that provide the most spatially homogeneous film. For example, a recent NSOM study by Huser and Yan, which appeared after the original submission of this paper, has shown that MEH-PPV films cast from some solvents may be quite spatially homogeneous. 51 Another, perhaps preferable way to ensure homogeneity is by annealing the film. Even though the luminescence from annealed films is strongly quenched, the improvement in spatial homogeneity leads to increased electroluminescence efficiency for annealed LEDs as compared to LEDs fabricated from as-cast films. 7 Of course, annealing the film also improves injection at the electrode interfaces, so that the improvement in efficiency in annealed LEDs may result from more balanced charge injection. 52 Nevertheless, the implications are clear: processing conditions need to be controlled to reduce the spatial inhomogenity of conjugated polymer films to optimize their electronic properties for optoelectronic applications.
